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ABSTRACT

During this three-year program, techniques have been developed

for the quantitative characterization of particulate materials by compu-

ter evaluation of scanning electron microscope images (CESEMIN). The

full CESEMI analysis is pa rticularily applicable to particles in the size

range of 0. 1 to 100pLm diameter. It measures, particle-by-particle,

the following basic parameters: A) projected area, -2) perimeter, 3) major

axis of fitted ellipse, 4) minor axis of fitted ellipse, 5) oricntation of

major axis and 6) particle type as deduced from characteristic x-ray

signals for the elements. The computer routinely presents plots of both
the basic and derived paranicters (A/ PZ, probability versus log of equiva-
lent circular diameter, etc.).

Sample preparation is often a major limitation to particulate

characterization. A new method has been developed that is especially

well suited for dispersing ceramic ravý materials for SEM work. The

eutectic composition of camphor and naphthalene is an ideal dispersing

medium as it can be handled as a solid or viscous l.iquid. Also, it com-

pletely sublimes in modest vacuum, leaving no confusing residue to

complicate the SEM images.

CESEMI analysis has been extended to some applications of quanti-

tative petrography and is applicable to certain types of surface finish

analysis.

In addition to detailed CESEMI anaqyses, some very simple forms

of quantitative image analysis have been instrumented. These are simple

point-counting by electronic scalers and direct accumulation of chord-

length distribution. These simple methods, although quite quantitative,

have a limited interpretation in that the real shapes of particles cannot

be taken into account. Nevertheless, these analyses are very simple to

execute and have proven very useful in analyses of many powders and in

petrographic analysis--ecpecially of porosity.
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Both the full CESEMI analysis and the simple techniques can

Snow be used routinely. We look forward to applying these techniques

to a wvide varicty of materials processing problems. Because CESEMII has been the subject of several reports and publications, thc., technique

is not deýscribed in detail in this report. On the other hand, the simp1 -

image analysis procedures have been only recently developed and are

described in detail for the first time.
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1. INTRZODUCTION

This research program was begun just three years ago to de-

%'elop methods for the computer evaluation of scanning electron micros-

cope image s (CESEŽI) and to apply theso, methods to the quantitative

characterization of scciectud particulate aluminas. CESEMI methods

developed not only apply to the quantitative characterization of aluminas

bat to particulate samnples in general. In one variation of this method,

multi-phase- powders are characl erized in such a way that the cbhrac-

teristics of each chemically diffe)rent phase are computed wvithut hay-

ing to rnechz.nically separate the phases. Also, developed -Are techni-

ques for quantilative pc:trography and surface finish analysis.

Because the full CESENI1 aiilysis mn.y not be required in many

applicati oCr'., v\ C hmve de-V eloped, iii parall] l, simple techniques for point

counting zu.d lineal anilysis that do not require sophisticated computer

programs Rather, point count and lineal analysis data are collected

rapidly by scalers or multichannel analyser. This approach has

proved useful in rapid evaluation of pore characteriStics as well as

in comparison of particulate samples.

The basic teclhniques developed in this program are proving

to be usefal in the., ch.zracterizatlon ol 'a \1vide variety of materials,

Particularly inturestii• g "'spin-offs'' have been in the analysis of air-

borne particulates, coal mine dusts and metal powders.,



H. GENERAL APPROACH TO CIHARACTERIZA'I ION

The multitude of signals generated by electrons boinbarding

a solid target provide the most versatile single .nstrument capability

for materials characterization. In the conventional scanning electron

microscope (SEM), for example, a rastered, finely-focused electron

beam (100A diamcter) generates a secondary electron signal that pro-

duces a high resolution (150A), large ciupth of field image of the sur-

face topography. As a result of the quality of the inmages and the ease

of specimen preparation, the SEM is now employed in a wide range

of materials problems. In the more familiar electron rr.icroprobe in-

strumeiit, the characteristic x-ray signals are detected to yield micron
scal,k elemental chemical analyses of all elements except hydrogen,
helium, lithium and beryllium. As SEM technology has advanced, there

has been a tendency to combine the SEM and electron microprobe capa.-

bilities into one instrument. We Will consider the combined SEM-elec-

tron probe instrumentation throughout this discussion.

Several of the more important kinds of signals are tabulated

in Table I. It is important to realize that all these signals are gener-

ated simultaneously, wvhether or not they are ol interest or used in a

given experiment. Table I is constructed assuming typical operating
0

conditions of 150A election beam diameter, operating at 25 key and

specimen current on the order of 10-10 amps. The best spatial reso-

lution is realized in the secondary electron images while the lowest

resolution is observed in x-ray and cathodoluminescence images. This

poorer resolution results from the large volume range of primary elec.-

trons that generate these signals.

The method of image formation in a SEM or probe is particu-

larly well suited to quantitative image analysis, Unlike light or trans-

mission electron microscopy, where the entiire image is generated and

available simultaneously, the SEM generates an image bit-by-bit in a

systematic and piece-meal manner. As the finely focused electron

beam sweeps across the specimen surface, the emission intensity of

one of the signals (secondary electron emission, for example) is instan-

taneously monitored a,.d the signal level is used to mnodulate the brightness
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of the display cathode ray tube (CRT). If the beam on the GRT is made

to sweep out a square frame in a seri-es of lines (really analogous to

the motion of ads eyes in reading the lines on this page), and if the motion

of the electron beam on the display screen is coupled synchronously,

then a coherent image appears on the display.

The following points highlight the important aspects to our approach

to image analyses:

1. The image frame (picture) is decomposed into a matrix

of picture points. Picture poiiit densities vary from 256 points p-.r

line to 1024 points por line. I-igber densities (4096 points pe - line)

are being considered in newer versions of the instrument.

2., Image information can be monitored directly, electronically,

independent of any visual display, Thi.s is an extremely important fea-

ture of t'vi! work since the electron beaam on the sample can be control-

led to a greater accuracy than the CRT d;isplays. Also, the beam on

the sample can be made to sweep with a greater resolution than can be

achieved in the existiig CRT displays.

3., The electron beam in the SEM is controlled by a digital

sweep generater such that the dwell-time on a given image point can

be preci.ely controlled and adjusted over a wide range. This facili-

tates collection of all signals of interest simultaneously at a given pic-

ture point with no image overlay error that would result from working

with a separate sweep for e.ach signal of interest.

4. The scanning electron microscope carries several advan-

tages over a light m icroscope, for example, in that it functions with

a high depth of field (some 300 times greater than for a light micro-

scope at a given magnification setting) thus making it quite easy to

resolve large or small particles in a given field without having to ad-

just the focus.

5. The resolution and magnificati .n range of the SEM is such

that one can work readily with particles over the size range from 0. 1

to 100 irn. This allows one to cover the sizc range of most particulate



n materials with one instrument.

S! 6. In the CESEMI work, entire images are handled in the com-
I puter to render measurements independent of raster oricntation. T\wo

basic program approach..s have been developed: 1) the contour method

and, 2) the binary, coded-map method.

r



Ill, SA-'LLI PR•IPAflATION

In any analysis of particulate ,ramp]cs, the result:, are no better

than the qualily of prepazration or the vilidity of sanipling. For the

best analysis, each 1,ptrticlc ,.hoald be isolated and measured independ-

ent of all otbcr particics. For the SEZVJ, ihe particles should be disper-

sed on 't featureless substrate. jWe have spent a great deal of work on

davelopipg techniques for disncrsion as wc.1] as in preparil.g substrates

for the vqrious app]ications,

A. Caniplhor"-N - ]ha L ne. -ttc tic pr i on 'Techniqu.

.The method that has been dewilopcd for dispersing samples in-

volVes the use, of an eutcctic composition of canmphor and naphtha]ene.:

This technique is described iin detail in our Technica] Report No., l,'ive(1)

and v.,'il[ appear soon n "Pov.der Techniology",

The~ camphor--naphthalene c.utectic composition (60 \\t / camphor)

is an ideal dipn•iingi rned uni in that it can be manipulated either as

a sofi ( rystallinru sulijd or as a liquid of variahbe ,,iscosity merely by

chanai,'. its telljerature o\r the range' from about 28 to 40*C (inclting

point -' 32°C).

The general preparation procedure involves cutting a portion of

the stock eutectic solution and heat -sea]ling it together with a Ihnown

amount of the particu] tate sainplh' in a polyethylene bag, Tho, specimen

can bo dispersed by kneeding it while in the scaled bag, When mixing

is carried out, tho mixture is chiled to a solid to "frceze-in" the dis-

persion. Contents of the. bag can be sampled wVtlout biasing the charac -

teristics of the r.nriali der. A portion of the olended material is trans-

ferred as a sulid to the substr a: u srface and gently inclted under a glass

cover slip. As soon as the s~anplu, has .spread to a uniformally thin

layer urdcr the cover slip, the substiate is quickly chilled to freeze the

eutectic medimi. The cover slip is prifed off and the substrate with sam-

ple is transfurred to a vacuum chambe, and evacuated to about iO-20 Torr
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for 20-30 minutes. During this time, the eutectic completely sublimes

leaving only the dispersed particles on the substrate. For conductive

"substrate", no conductive coating is used but for glass substrates; i. e.

it is necessary to, apply a coating such as 200A of gold.

This technique has been used to prepare a wide varibty of par-

ticulate materials including alumina, Portland cement, ferrite, coal

dust, tungsten and tantalum metal powders and several inorganic phos-

phors.

B. Substrates

A variety of substrates have been perfected. Each has its par-

ticular advantage depending on the particular study.

1. The simplest material is a common glass microscope slide

which is given a light gold coat (-%2OA) after the dispersion is made.

Carbon coating does not yield as featureless a substrate as does the

gold and contrast of particle to backg.,ound is not as favorable for car-

bon.

2. Carefully polished beryllium, although difficult to prepare,

affords the best substrate when one wishes to distinguish particles chemi-

cally based on characteristic x-ray emission. In addition to having no

interfering x-ray lines, its continuum emission is very low, and it, of

course, requires no conductive coating. Secondary electron image con-

trast for particles on beryllium is quitic good.

3. Polished germanium substrates are useful for determina-

tion of particle thicknesses. For this work, the intensity of GeKa emis-

sion from the substrate is monitored. GeKa count rate decreases as

particle thickness increases owing to increased attenuation of the elec-

tron beam by the particle.
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IV. CESEMI ANALYSIS

A. Instrumentation and Computations

The dcails of the CESEMI instrumentation and computer pro-

grams have been described rather completely in our earlier reports

and in several publications (25). The important ieature of this method

is that entire SEM images, or several images, are recorded on digi-

tal magnetic tape with a high sensitivity grey scale (2000 possible levels).

Analyses of the images are rendered by digital computer (IBIVI 360/ 67)

off -line to compute, particle by particle, the following fundamental

measurements:

1) Area of each particle (iLm2)

2) Perimeter of particle (im)"

3) Semi-major axis of fitted ellipse (Rm)

4Q Semi-minor axis of fitted ellipse (ýmT

5) Orientttion of major axis (0)

6) Particle typ', based on characteristic x-ray information.

From these six basic measurements, several useful parameters

are derived that facilitate interpretation of results:

1) Equivalent circular diameter (ý-m) is calculated assianing

that the particle area is located within a circIe.

2) Perimeter of fitted ellipse is computed from semi-major

and semi-minor axes.

3) The ratio of the particles' real perimeter divided by the com-

puted ellipse perimeter ( /PE) is one good measure of a particle shape

complexity. Obviously, a particle with complex shape would have a

greater length of perimeter than a highly rounded or smooth particle.

4) One of the most commonly used shape parameters--tne aspect

ratio--is'the ratio of minor-to-major axis length (b/a).



5) A commonly used shape pakameter is also the ratio of par-

ticle area to the square of the perimeter" (A/P 2)

All these basic and derived 1,,..-ameters are obtained particle-

by-particle. An example of these, plus the coordinate position of the

particle (X and Y values) are shown in Table II.

In addition to this tabular form of data output, it is useful to

graphically present the data for convenience of further study. The fol-

lowing plots are computer-generated for the analysis of daa:

1) Probability versus equivalent circular diameter on a

logarithmic scale.

2) Probability versus minor and major axes of the fitted ellipses

on a logarithmic scale.

3) Probability versus merged equivalent circular diameter

on a logarithmic scale.

4) Frequency versus minor/ major axis.

5) Frequency versus area/ perimeter squared.

6) Frequency versus perimeter/ ellipse perimeter.

7) Frequency versus equivalent circular diameter on a

logarithmic scale.,

The probability graph of the equivalent circular diameter is a loga-

rithmic distribution to which a straight line is fitted by means of a least

squares approximation. The equation of the straight line is always given in

slope-intercept form with probability as ordinate and logarithmic size as

abscissa. The median size (equivalent circular diameter at 50%) is also cal-

culated. The probability graph of the major and minor axes of the fitted el-

lipses provides two curves with the same calculation as computed in the equiv-

alent circular diameter. The data to both these plots represent a single magni-

fication ot a particular sample. Limits are placed on the sizes, depending

on the set if magnifications used.. It gene.'ally occurs that no one magnifi-

cation setting is suitable to adequately measure particles over the entire range
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of importance in a given sample. Typically in this work, we have

recorded data at three magnification settings: 1) 500SX, 2) 1250X

and 3) 300X. In order to view results of the entire sample, a merging

procedure has been developed in which the graph represents all magni-

fications of a sample. All data from a sample are merged together

with no overlap between magnifications. The merge bugi- - with the

highest magnification recordings and descends to the lowest magnifi-

cation recordings. The lower size limit is generally taken as a particle

having two picture points in its area. The maximum size used from

a given magnification corresponds to a value where edge-touching be-

comes significant. The lowest magnification will generally require no

upper size cut-off. Note that the upper size limit for a given magni-

fication becomes the lowest size limit of the next lowest magnification

but the limits must meet )oth of the qualifications mentioned above.

In this study, particles in the size range of 0. 2-1.0 ltm were taken

from 5000X magnification, 1.0-5.0 jLm from the 1250X magnification and

5. 0 ýLm, and larger from 300X magnification.
The number counts are then weighted with respect to the set

of magnifications. For example, if the set of magnifications were

200OX and 50OX, a particle at 200OX would have to be weighted by a

factor of 16 because the area of the 50OX represents 16 times the area

of ZOO0X. This concept is illustrated in Fig. 1.

Relative Size

50OX Field

- ZOOOX Field

Fig. 1. Basis for weighting number-counts as a function of ratio of
(magnification)2 .
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B. Analysis of the Ten Aluminas.

The ten aluminas characterized by CESEMI were all recorded

as follows:

Signals used: Secondary electron

Matrix size: 256 points/line, 256 lines/frame

Number of
frames: Three at 500OX, three at lZ50X

and three at 300X

Tape speed: 37.5 ips at 556 bpi

Dwell time/
picture point: 18011s

Recording time/
frame: 20 sec.

Threshold level: -6V

Signal smoothing: 25 jts time constant

Specimen current: 2. 5 x 10"I0 amp

Acceleration
potential: 25 kev

Identification of tcich sample together with the computed median

size and calculated slope of distribution curve are tabulated in Table III.

The slope is computed by least square fit to straight line for data between

5% and 95% in the cumulative distribution

Figure Z gives the computer-plotted size distribution curves for

the 10 samples plotted on a number-count basis. Aspect ratio histograms

are given in Fig. 3 . This shape complexity factor (P E) histograms

are plotted in Fig. 4..

Figure 5 gives the computer-plotted size distributions curves for

the 10 samples plotted on a weight basis. Particle weigias are computed

by using the equivalent circular diameters to calculate particle volumes.
A density of 3.0 gm/cm3 was assumed for all the aluminas.



TABLE III. ALUMINA SAMPLE DESCRIPTIONS, MEDIAN

SIZES AND SLOPES OF DISTRIBUTION CURVES.

Lab. Designa- Median

tion Alumina # Description Size(ýtm) Slope

1 Norton 58-320 5.18 0.63

Z Norton 38-500 1.80 0.97

3 Norton 38-1200 0.54 0.94

4 Alcoa XA-16 0.31 2.02

5 Linde A 0.Z9 1.29
6 Geoscience 5ý± 1.80 0.83

7 Fisher Polishing A-30,1  - -

8 Alcoa A-15 Superground 0.37 1.83

9 Alcoa A-17 Reactive 0.42 1.95

10 Meller Alumina Lot # 42 0.46 1.88

11 Meller Alumina Lot #48 0.31 1.30
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V. SIMPLE METHODS FOR AUTOMATIC QUANTITATIVE ANALYSIS

OF SEM AND PROBE IMAGES

Techniques for quan:itative image evaluation range from sophis-

ticated computer analyses such as by CESEMI and ledicated image ana-

lyzing computers, to the tedious manual techniques. The purpose of

this chapter is to describe an intermediate approach that utilizes, to

a great extent, the electronic read-out systems associated with most

microprobes and SEMs. In this work quantitative image analysis data

are accumulated on conventional scalers or alternatively in a multi-

channel analyzer and read-out on teletype. Techniques for converting

these data to particle size distributions, pore size distributions, percent

of phase, specific surface area, etc. have been applied to these basic

quantitative image measurements. Results for the 11 aluminas will be

presented and compared with the full CESEMI results described in

Chapter IV.

i.. Instrumentation

The method is based on selecting a signal threshold value to

distinguish a selected phase. Various signals, such as secondary elec-

tron, electron back-scatter or cathodoluminescence, are analog signals

while the characteristic x-ray signals, that are normally digital, may

he converted to analog form. Having an analog signal, an analog com-

parator is used for making the decision as to when the electron beam

is on or off the selected phase. The image is generated by scanning with

a digitally-controlled sweep system such that the image is broken down

into a matrix of known number of points. Thus the picture is generated

point-after-point, and this is used for simultaneous analysis of each

such point while the picture is being formed. The measurement of on-

to-off ratio or, in other words, the selected phase to background ratio

does nut even require a square matrix of points. A digi, ally-controlled

sweep system has a great advantage in comparison with other systems

in that it is easier to vary sweep speed for a given size of matrix.
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This enables one to select the optimum acquisition speed at acceptable

signal-to-noise ratio. Most of the sFecial purpose image analyzing

computers and hardware systems have serious limitations because they

usually operate at the fixed TV scan -peed which is not acceptable in

most SEM applications because of inherent low signal-to-noise ratio.

In fact, many of the x-ray mrni:ng techniques require a scanning speed

on the order of 100 ms per line or more, depending cn ;xcitation vol-

tage, incident beam intensity and concentration of the particular cle-

ment in the sample. A greai deal of freedom in del'ection speed selec-

tion thus allows one to achieve acceptable signal-to-noise ratios even

under rithlr unfavorable conditions.

1. Basic Logic Circuits

To fully understand the principles of this approach to image

analysis, one must understand at least a few basic elet.tronic logic

symbols and their functions:

i. Analog Comparator is not a pure logic unit; it is an

interface between analog and digital units. The input is an analog signal

compared with a fixed reference. An ideal analog comparator has only

two output states called true ci- false: true if the compared analog input

is greater or more positive than the selected reference value, and false

if the input is below or less positive than the reference. The true and

false conditions may be expressed simply as one and zero correspond-

ing to one for true (+5V) and zero for false (0V). To designate the ana-

"log comparator, a symbol, similar to a differential amplifier, is used

because it is essentially a nonlinear high gain differential amplifier

with output clamped to standard logic level.

EXAMPLE

SInput Ref. Outpu Logic

S+IOV OV 1 True
i Output +0.0lV OV 1 True

S-0.01V OV 0 False
Ref. -10V OV 0 False
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ii. The AND-Gate consistE of two inputs, t'•A' and B',and

one output. The truth table, fully describes the function and may be read

1i I as follows:

Input A A B Out

0 0 0
WQtput 1 0 0

0 1

Input B 1 1 1

The output %ill be truq (one) only while both inputs are true (one). Every

other combination at inputs gives zero output.

iii.'ý The NAND-Gate is an AND-Gate with an inverter on the
I

output giving complementary output to an AND-Gate:

A A B Oat

Out 0 1 1

"i f 1 0

1 1 0

This gate ha3 much moi e general application; therefore, it is pre.erably

used in these circuits.

iv. "On-Phase" - "Off-Phase" Counting. A typical function

of an AND-Gate, giving true output, requires both inputs to be true.

Input A is supplied with positive clock pulses that are used to drive the

digitally-controlled sweep system. This gives one pulse per pih.Aure

point of the image. These pulses will appear on the output of the AND-

Gate only if the input B is true. Input B is supplied by the -,ignal from

the comparator which is true only if the beam happens to be on the se-

lected phase or, in other words, the signal is above the set threshold

value. Allpoints giving true output from the comparator will enable

the AND-Gate and may be counted by a conventional pulsz. counter directly

connected to the output of the AND-Gate. In Fig. 6, a toggle switch symbol
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is used to il.ltstrate the s\Vitcjiing of cloc] )I. pulses from the' "on-phase'

counter to "off--phase" . ,ifguru 7 is it t ilng di;tgram showing that

when thc elcctron ba•)n is "on-pha);e.", the clock pulses are switched

from the " )f(-phalsc' countcr to the "on-phase'' counter.

The simple AND)-Gate and comparaLor in connection with a coun-

tcr give dirctly the number of points on the selected phase of the ir-a ge.

In the case of the digitally-controlled sweep, the total number of pictire

points is knov..n; thus die ratio of "on" point:s to total number of points

multiplied by 100' gives directly the :chedted phase percentage with

very high precision. Thec. repctabii.ty of such measuremcnts is better

than one percent. The accuracy, however, is essentially limited by the

SEMvI itself because usually the distortion, non-linearity and instability

of the deflection system is on the order of Z-3%.

The analog signal applied to the input of a comparator yields

a standard Logic output--true or false--as a result of the comparison

with the critical or threshold lovc. The standard logic level (output

of the analo,, comparator) directly controlls two of the NAND-Gatcs

(top and bottom) irs Fig. 8. The lower NAND-Gatc functions also as

an invcrtcr and controls the middle NAND-Gate so that it passes clock

pulses when "off -phase". Each of these gates has. an extra input tied

together as "ENMABLE" inr-". controlled by the SE.XI to insure an analy-

sis of a single frame or picture per measurernent. This signal may

be derived from the blanking level of the CRT or by special start-stop

circuit synchronized with the scanning system. The third input to the

NAND-Gatcs is obviously the clock input giving output pulses on either

the " on-phasc" output or the "off-phase" output with the assumption

that ENABLE is kept true.

v. Number of Chords. A chord is defined as an unin-

terrupted segment of raster line "on-phase". The number of chords,

sometimes called crossings, may be obtained by counting the leading

edges of comparator output (see Fig..7 ). -i,',cver, the real condition

is not that simple: The analog signal is not always as smooth as in

the Figure. But, even more important, an intermediate condition, where



23.

IR

Krxosing points
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critical level
- - -line profile (Analog input
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Fig. 7. Timing diagram for phase integrator.
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a picture point happens to yield a threshold value may be encountered.

In such a case, the smallest instability of either position or brightness

(always both are involved) may cause several changes in the state of

output of the analog comparator; thus,a counter directly connected to

the comparator output would register several leading edges and there-

by, incorrectly, several chords. This problem was solved by using

a clocked Flip-Flop, a circuit which transfers its input to output only

once per single clock pulse. Clock pulses similar as in previous cases

are derived from digitally-controlled sweep system such that every pulse

corresponds to just one point of the matrix.

Figure 8 illustrates the switching of "on-phase" and "off-phase

counts into two counters. Also shown are the Flip-Flop circuit for the

"•Number of Chords" counter and the pulse amplifiers. All three signals

on the output of appropriate gate or Flip-Flop with standard level of

0-5V were not suitable to drive the counters used for this study. The

signal had to be amplified to +10V.

Z. Derived Parameters

From "on-phase", "off-phase" and "Number of Chords" count,

together with known magnification and picture point density, one can

derive a series of parameters for the quantitative description of a phase

without a tedious measurement and tabulations. The following para-

meters may be obtained

P Point fraction of phase "on-phase" "on-phase" Count
""on-phase"+" off -phase" - Total Count

Pp L L AA = VV

L = Line fraction of phaseAAL Area fraction of phase

V V Volume fraction of phase

7 = Percentage of phase P x 100%
p

"on-phase"
L = Average chord length ="Number of Chords" x C (ptm)
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Where C = Real distance between two closest horizontal picture points

on the specimen for the 10 x 10 cin screen of CRT and required parame-

ters in jim

105

Magnification x Number of Points/Line

Number of Chords -1
NL Number of chords/unit length= (,on-phase,+,off-phasc)xG (C m

S = Surface area/unit volume - ZN (ur

SP = Average center-to-c enter spacing N L ([im)

I - VV

= Average edge-to-edge spacing " N - (jim)

Figure 9 illustrates analysis of pores (considered as a phase) of BaTiO3

capacitor. All parameters are derived from "On Pore", "Off Pore"

and "Number of Chords" information read out from appropriate scaler.

Characteristic x-rays may be used to distinguish a given phase

but because the signal consists of pulses, an integrator of proper san.-

pling period must be used to convert the pulses to an analog signal ac-

ceptable by the analog comparator. A specially designed synchronous

ratemeter has been designed and built. It consists of a fast digital to

analog converter operating synchronously with the digital sweep, there-

by converting x-ray count rate into an analog signal at each pikýure

point. Unlike the usual R. C. ratemeter circuit, the synchronous rate-

meter has no decay constant. Having the analog signal ag'An, the analy-

sis is exactly the same as in the above cases. The analog signal may

be used, also, for brightness modulation in x-rays mapping techniques.

Other analog signals such as cathodolumineicence or electron

backscatter may be used for unambiguous phase identification.

3. Method for Generating Chord Length Distributions

Additional information about a characterized phase may be ob-

tained by studying.the distribution of chord lengths. Looking back on



27.

I,' vrndarj eleorons

SAYPIB 13&TI1 O AP,

ICATY•I '('PO.R I CI POR I No. ot CHORDS

CI"NI '. 1442 ,F1,30 4,2,47

VV- +.'i25 .,V- ,.168/ pm

, `IT .,25- SP- 11.9 Jim

T:- .745 Pm/CHOPD A - 11.16 j~m

Fa lm

S~Fig. ExF•ample of pore analysis using simple outpi'ts.
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Fig. 7, the timing diagram shows that the "on- phase" count contains

additional information about a chord, namely its length. The first

chord length of Fig. 7 is three points long; thb second, two and the

third is eight points long., This information couid not be obtained in

the three-scale method because there was no way to register the spec-.

trum of chord lengths.

In order to obtain a distribution of chord lengths, elect."onic

registers must be set up to store count inforination; thus, foi' every

chord size interval there must be a register. Such storage was

achieved by modifyirg a Northern NS 600 Series 512 cnannel multicha*.-

ecl pulse height analyzer.

A standard multi-channel pulse height analyzer accepts pulses

of height in the range of 0-10V, and of 3pveral -nicro-,econds duration.

Two normalized logic signals are available from the analog comparator

for use in the chord length to pulse height conversion: 1) the level oit-

put from comparator of duration proportional to the particular chord

length and 2) clock pulses, which track the position of the electron beam

on the sample. Figure 10 illustrates the process of conversion. The

"Number of Chords" signal serves two functions: a) to open the gate

for clock pulses (see the truth table for "NAND-Gate"), and b) to dis-

able the "One-Shot A" from strobing the counter or triggering the "One-

Shot B".

The timing diagram shows an example of conversion of a three

picture point chord to a pulse of proportional height. In this example,

the gate is erabled by the "Number of Chords" signal, and clock pulses

are counted by an eight-bit binary counter. The positive edge of "Num-

ber of Chords" signal disables "One-Shot A" and "B", Th_ý negative

edge, on the end of the chord, triggers the "One-Shot A"; thus, the

strobe transfers the accumulated count from the counter to the DAC,

and a voltage proportional to that count appears on the output of the

digital to analog converter. The strobe pulse of duration 10is, trig-

gers the "One-Shot B" by its negative edge, causing a reset of the counter

and re-triggering of "One-Shot A". The "A" circuit strobes the coun-

ter again, thus transferring the zero count to the DAC and thereby on

the output appears a zero volt analog signal. The resulting output sig-

nal is a pulse of fixed duration, about 10ýts, and a height proportional to
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chord length. The two "One-Shots" will oc±Ilate by triggering each

other continuously, re-setting the counter and strobing the zero to out-

put of the DAC unless a new chord appears on the input-gate. For

practical analysis, however, two limitations of the converter must be

considered. The maximum chord length is limited by size of the

counter to 256 points and the output of 0-10V must be attenuated to

exactly match the input of a mnultichannel PHA--usually around 0-8V.

This method does not require any modifications of used multichannel
analyzer.

-- . I . . .

Alternatively, the direct access method eliminates a need for

the above converter, attenuator and the only limitation for chord length

size is the number of channels available in multichannel PHA. How-

ever, the interface in this case is more complex and requires a modi-

fication of the multichannel analyzer. This second method may be con-

sidered superior to conversion because it does simplify operation and

is more economical and guarantees a storage of a chord, n-points long

into n-th channel, which cannot always be guaranteed in the previous
mnethod.

Figure 11 illustrates two distributions taken from the display

of the multichannel analyzer for # alumina-A301 particles and

in polished cross section of BaTiO3 . The pore distribution indicates

a peak value around 0. 5Lm.

4. Parameters Derived from Chord Length Distributions.

Two coefficients must be established before attempting to derive

a useful measurement from the distribution:

1. P a Total number of picture points sampled (nurr.ber of

horizontal points per line times number of lines

times number of frames).

Z. C a Calibration factor. For a 10 x 10 cm CRT screen the

calibration factor becomes:

10 5 (pmn Point)

Magnification x Number of Points/ Line
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Then the derived pararneters applicable to.polished sections are:

n
N f.L.

P = point fraction of "on" points P 1 1p P P

p 1 L = AA = V

/% percentage of phase z P x 100%p

n number of different chord sizes (or number of
channels used)

f cumulative frequency of i-th size
3..

L average chord length T, "- 'i
1

NL = number of features per unit length of line i (in-)

P. C,

S surface area/ unit lest volume 21N\ (

I - V

edge-to-edge mean free, path (umn)
NL

i

SP -center-to-center spacing - (jnm)

r',u2b-ntiy, the analysis is done by obtaining chord length distribution

on multichannel PITA (Northern Scientific, NS-600) from SEM model

JSM1, punching the dir.tribution data on paper tape, adding the two

necessary cocfficients P, C and using the tape or data iiiput f•r the

PDP-11. A short prograim yields all dc lived parameters plui' a con-

densed distribulion of chords." thus, no 1Mnuldlh Izn Ld UrUn l ent s or Cial-

culations arv, involved.,



B. Linear Analysis for Eleven Aluminas

The eleven aluminas shown in Table III were analyzed by lineal

analysis, using the following recording conditions:

Signal used: Secondary electron

Matrix size: 1024 points/ line, and 256 lines/ frame

Number of
frameL: Five at 2000X, and five at Z0OX

Dwell time/
picture point: 0. Z5 ms

Recording time: 60 sec. /frame

Threshold level: 0 volts

Signal smnoothing: 0. Z5 Ms

Specimen current: 2.5 x 10 amp

Acceleration
potential: 25 key

Storage: Multichannel analyzer (128 or 256 channels
used with direct access interface.

As in the case of CESEMI recordings, it is found that more than

one magnification is required io adequ,- aly cover the typical range of

partici., si,.es. However, since the picture point density is higher than

for the CESEMI recordings (1024 vs. 256 points per line), it was found

that just twoznagnifications were sufficient. The data from the two

magnifications are merged as follows to form one aistribution.
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Chan•jels two through 99 we u.sed from the ZOOOX inagnification data.

Counts in these channels were nc,.itiplied bý 10 to adjust for relative

lengths of sample lin,.r2 'at the tx\o magnifications. Channels 10 and up

were uscd from the Z0OX maginficzation. The calibration factors are:

0. 0488Lim/ picture point at Z00OX and 0. 4881pm/ picture point at Z0OX.

The merged chord length distribution., were converted to parti-

cle size distribution by ,he iunctioh:

t

n t M

where:

t l= length of nth chord

D 1 maximum diametler (assumning, ;pherica] shape)

n w number of chords of length tn

Results for the eleven a]uminas are plotted in rig. 12.



35.

0 -z
0

IV Ii crw

99 w

w w

90 0,

04~

o; 0

0 41

A. V0b

0 4

w- U

-~~~ ~ -1 u. ~w(3

4d.M -48

( 9 co000 000L I )a 0W 0 0to d

9,LI8G8 AlLIGG~



36.

VI. DISCUSSION OF RESULTS

* Data from the three sets of 3ize. distributions (shown in Figs.

2, 5 and 12) are summarized in Tab~e IV., Tabulated values are for the

10% cumulative (percent smaller than), median and 90% cumulative. A

few of the 10% value are not listed for the GESEMI number ,ount data

since they could not be obtained without extrapolating the curves.

The GESEMI number count distributionsare the most accurate

of the three as the fewest number of assumptions are involved in their

calculation. The main assumption is that the particles are randomly

oriented on the substrate. GESEMI weight distribution curves (Fig. 5)

are computed on the basis of having assumed that volume can be com-

puted from equivalent circular diameters. A density of 3. 0 gm/cm3

was assumed for the aluminas. The lineal analysis number count distri-

bution curves inherently involve the greatest number of limiting assump-

tions, the most important being the assumption of particle shape which

is the basis of conversion from chord length distribution to number versus

size distribution.

The selection of aluminas included in this study represent a wide

range of particle sizes, size distributions and methods of manufacture.

Four types of size distributions are observed in Fig. 2:

1. Several samples have strongly bimodul size distributions:

a) Norton 38-320 - (1)

b) Norton 38-1200 - (3)

c) Meller Lot #4Z - (10)

2. Only three samples yield essentially log normal size distri-

bution:

a) Norton 38-500 - (2)

b) Alcoa XA-16 - (4)

c) Meller Lot #48 - (11)

3. Three samples are quite similar with distributions skewed
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toward the small particle size:
a) Linde A (5)

b) AlcoaA-15 Superground - (8)

c) Alcoa A-17 Reactive - (9)

Linde A and A-15 are nearly identical. It is important to bear

in mind that these resultb arc for samples that are not ball-milled.

It was encouraging to observe the similarity in the shapes of

number distribution curves for the full CESEMI (Fig. 2) and lineal analy-

sis (Fig. 12).

The lineal analysis results find median and 90% size values that

are two to three times larger than for the full CESEMI. This is a direct

result of the circular shape assumption used in the lineal analysis. The

one exception is for Norton 38-320 (1) which yielded quite comparable

results by the two techniques.
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